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ABSTRACT 

Marine structures, offshore platforms and bridge piers are usually supported on foundation piles. These piles are sub- 
jected to lateral loading due to wind, waves and currents. Piles installed in marine or river environments are susceptible 
to scour depending on wave and current characteristics and soil types. In this paper, the effect of local and global scour 
on behavior of laterally loaded piles installed in different soil conditions has been investigated. Finite element model 
(FEM) using the software program PLAXIS and Winkler model using the software program LPILE were used in the 
analyses. Different parameters were investigated such as soil types, scour depth, scour hole dimension, pile material, 
submerged condition, magnitude of lateral load and load eccentricity. The results showed that scour has a significant 
impact on piles installed in sand and a less significant impact on piles installed in clay. Global scour has a significant 
impact on pile lateral displacement and bending stresses. The effect of scour is more significant if piles are subjected to 
large lateral loads due to the nonlinear response of pile-soil system. Effect of scour of stiff clayey soils on piles is more 
pronounced than that of soft clayey soils. 
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1. Introduction 

Bridge piers and marine structures like jetties, seawalls 
and offshore structures can fail due to severe scour caused 
by currents and waves. Numerous publications are found 
in the literature for investigating scour around piles, es- 
pecially in cohesionless soils and a smaller number of 
publications investigating scour in cohesive soils. 

Coastal structures are often subjected to waves, storm 
surge, erosion and scour. Global scour refers to a general 
lowering of the ground surface over a wide area. 

The ultimate scour depth depends on the diameter of 
obstruction, flow Froude number, shear stress and soil 
characteristics. It has been documented that local scour 
depth in sandy soils (ds) is 1.3 times pile diameter (d) with a 
mean of 0.7 [1]. In other words, the maximum scour depth 
is about 2 times the pile diameter (i.e., ds/d = 2). Global 
scour exposing piles due to storm surge events has been 
reported in the literature (for example, Robertson et al. 
[2]). Scour around piles in cohesive soils has been pre- 
sented in [3-5]. For scour in soft clays, the ultimate scour 
depth ratio ds/d is 0.75 to 1 [6]. 

A very limited number of publications regarding the 
effect of scour on the behavior of piles are found in the 
literature. A thorough review of available literature on 
the topic showed that there is no research related to full- 

scale field or lab tests on scour effects on laterally loaded 
piles in sand. 

Kishore et al. [6] and [7] conducted experimental tests 
on small diameter PVC and aluminum piles to study the 
influence of scour on laterally loaded single piles installed 
in soft clay. Lin et al. [8] investigated the scour effect on 
the response of laterally loaded single piles installed in 
sand considering the stress history of remaining sand. 

This paper aims at reducing the gap of knowledge 
found in the literature in this subject. Different parame- 
ters were investigated such as soil types (medium dense 
sand, soft clay and stiff clay), scour depth, scour hole 
dimension, pile material (concrete piles and steel piles), 
submerged condition, magnitude of lateral load and load 
eccentricity. Finite element model (FEM) using the soft- 
ware program PLAXIS and Winkler model using the 
software program LPILE were used in the analysis. Com- 
parison with experimental tests found in the literature for 
scour around piles installed in soft clay was conducted. 

2. Mechanics of Scour 

The flow velocity approaching a vertical cylindrical pile 
decreases from a maximum at the free surface to zero at 
bed level at the upstream pile face. If the pressure field 
induced by the pile is sufficiently strong, it causes a three- 
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dimensional separation of the boundary layers which roll 
up ahead of the pile to form the horse-shoe vortex [9]. 
Flow patterns in the wake of the cylinder also influence 
the scour. Scour occurs when the drag and lift forces applied 
by the eroding flow exceed the gravitational, frictional, 
and/or cohesive forces acting to hold the particles toge- 
ther [5]. 

Figure 1 shows a sketch of global scour and local scour. 
The vertical effective stress at a point depends on the soil 
weight above that point. In case of global scour, the ef- 
fective soil pressure at all depths is reduced with the 
weight of scoured soil. In case of local scour depth, the 
effective stress near the pile and near the scour hole base 
is reduced. At a very large depth, impact of scour hole on 
the effective soil pressure diminishes [10]. 

3. Scour in Cohesionless Soils 

In this paper, the effect of scour on pile behavior was in- 
vestigated using finite element model and Winkler model. 
Finite element model (FEM) was conducted using the 
software program PLAXIS. The soil was modeled as 
Mohr-Coulomb model and finite element mesh was gen- 
erated by 15-node triangular elements. The scour hole 
was modeled approximately as a conical shape with tra- 
pezoidal shape cross section. Figure 2 shows an example 
of deformed mesh and scour hole. 

The results from FEM were also compared with those 
from the software LPILE which is widely used in prac- 
tice. The software program LPILE is based on a nonlinear 
Winkler foundation model, utilizing displacement-based 
beam elements for the pile and nonlinear spring elements 
which represent the lateral response (p-y curves) of the 
surrounding soil. Pile and sand characteristics used in the 
analysis are provided in Table 1. For all analysis, pile 
head was assumed to be free. 

3.1. Effect of Local Scour and Global Scour 

Effect of local and global scour around piles installed in 
sandy soils was investigated. Scour hole due to local scour 
was modeled using PLAXIS. Scour hole depth equiva- 
lent to twice the pile diameter was considered (ds/d = 2). 
Global scour was modeled through removing the soil 
layer of thickness equal to twice the pile diameter. This 
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Figure 1. Sketch showing local and global scour. 

 

Figure 2. FEM of pile and soil showing deformed mesh and 
scour hole (displacements are exaggerated for illustration). 
 

Table 1. Pile and sand characteristics used in the analysis. 

Pile type
d

(m)
L

(m)
A 

(m2) 
Ip 

(m4) 
EP/Es  

s 
kN/m3 s

Vs

m/s

Steel pipe 0.5 30 0.01944 5.77 × 10–4 2000 35o 17 0.3 150

Concrete 0.5 30 0.19635 3.07 × 10–3 250 35o 17 0.3 150

 
represents the case of soil erosion at a wide distance 
around the pile as shown in Figure 1. Local scour repre- 
sents the case of scour hole around pile. The hole was 
modeled in PLAXIS as conical shape with trapezoidal 
cross section assuming scour depth equal to 2d and the 
scour hole base extends around the pile at a distance (Lsb) 
varying between 0 and d. The hole side slope was as- 
sumed to be 45˚. The same pile and soil parameters pre- 
sented in Table 1 were used in the analysis. Different 
lateral loads were applied at the pile head. Global scour 
was modeled in PLAXIS and LPILE. It should be noted 
that local scour with different hole dimensions can not be 
modeled by LPILE. 

Figure 3 shows the normalized pile head displacement 
(y/d) versus lateral load at pile head for case of no scour, 
global scour and local scour with different scour hole 
dimensions. No significant difference was found if lateral 
load (F) is lower than 100 kN. For higher lateral loads, 
the difference becomes more considerable as pile-soil 
system behaves nonlinearly. 

Ultimate lateral pile capacity when scour is neglected 
was found to be 1100 kN. The ultimate lateral pile capa- 
city if local scour hole base (Lsb) equals 0 and d was found 
to be 1000 kN and 700 kN, respectively. For case of 
global scour (Lsb = ∞), ultimate lateral pile capacity was 
calculated to be 500 kN, which is about 45% of the ulti- 
mate capacity if scour is neglected. Ultimate lateral pile 
capacity in case of global scour is about 50% to 70% of 
that in case of local scour depending on the scour hole  
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ing moment along pile length computed using FEM 
(PLAXIS) and Winkler model (LPILE) when applying a 
lateral load of 500 kN at ground surface. Two cases were 
considered; no scour and global scour. The bending mo- 
ment at pile head for the two cases was found to be very 
similar but the maximum positive bending moment com- 
puted using LPILE was found to be higher than that 
computed using PLAXIS. 

 

3.2. Effect of Scour Depth 

A parametric study was conducted to investigate the effect 
of scour depth in lateral behavior of single steel pipe 
piles. A relative scour depth (ds/d) of 1, 1.3, 2 and 3 was 
selected. Figure 6 presents lateral displacement, shear 
force, bending moment and soil reaction along pile length. 
For the same lateral load, lateral pile head displacement 
increases significantly with increase in scour depth. For 
ds/d = 1, 1.3, 2 and 3, the maximum pile head displace- 
ment increases compared to the case of no scour by about 
37%, 51%, 87% and 155%, respectively. For case of ds/d 
= 2, bending moment at pile head increases by about 
48% compared to that for pile without scour. Also, maxi- 
mum bending moment along pile length increases by 
about 60% over that for case of no scour. Location of 
maximum shear and bending moment occurs at a deeper 
depth when scour depth increases. For a pile without scour, 
maximum bending moment is located at about 6 pile di- 
ameters (6d). For a pile with scour equivalent to twice 
the pile diameter (ds/d = 2), maximum bending moment 
is located at about 7.2d. The increase in bending moment 
due to scour can require piles with larger pile rigidity or 
higher steel grade to ensure that bending stresses do not 
exceed the pile yield stress. 

Figure 3. Normalized pile head displacement versus lateral 
load for case of no scour, global scour and local scour with 
different scour hole dimension. 
 
dimensions. For case of global scour, it was noted that 
results using PLAXIS and LPILE agree reasonably. 

Figure 4 shows the displacement and bending moment 
along pile length for case of no scour, local scour (Lsb = 
0), local scour (Lsb = d) and global scour (Lsb = ∞) when 
applying a lateral load of 500 kN at ground surface. It 
was found that the wider the scour hole base the larger 
the pile head displacement and bending moment. For 
case of scour hole with base dimensions Lsb = 0 and Lsb = 
d, pile head displacement increased by about 14% and 
25%, respectively. It was found that global scour in- 
creased the pile head displacement by about 70% com- 
pared to pile with no scour. 

Figure 5 shows a comparison of displacement and bend- 
 

 

Figure 4. Lateral pile head displacement and bending moment along pile length for case of local scour with different hole 
dimensions and global scour modeled using PLAXIS (F = 500 kN). 
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Figure 5. Comparison between FEM & LPILE results for displacement and bending moment along pile length (F = 500 kN). 
 

  
(a)                                                                (b) 

  
(c)                                                                 (d) 

Figure 6. Effect of scour depth on lateral response along pile length: (a) Lateral pile displacement; (b) Shear force; (c) Bend- 
ing moment; (d) Soil reaction (F =100 kN). 
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3.3. Effect of Lateral Load Magnitude and Pile 

Material Type 

 

Figure 7 shows the relationship between normalized pile 
head displacement (y/d) and lateral load (F) applied at 
ground surface. It can be seen that y/d increases nonline- 
arly with the increase in lateral loads. A comparison be- 
tween case of pile without scour “no scour” and case of 
pile with scour equivalent to twice the pile diameter “ds/d 
= 2” indicates that pile head deflection increases within 
the range of about 85% to 97% for steel piles and increases 
within the range of about 97% to 106% for concrete piles. 
Also, it is shown that lateral capacity of steel piles is lar- 
ger than that of concrete piles. 

Figure 8 shows the variation of bending moment along 
pile length neglecting and considering scour. Two values 
of lateral load (F) are presented (F = 100 kN and F = 500 
kN). For lateral load of 100 kN (linear zone), bending 
moment for a pile with scour increases by about 35% 
over the case of a pile without scour. By applying a lateral 
load of 500 kN (nonlinear zone), the bending moment 
increases by about 56% over that for case of “no scour”. 
At F = 500 kN, location of maximum bending moment 
along pile length occurs at a deeper depth (8.4d) com- 
pared to that for case of “no scour” (7.2d). The effect of 
scour appears to be more significant with large lateral 
loads. 

Figure 8. Variation of bending moment with depth for steel 
piles neglecting and considering scour. 

3.5. Effect of Load Eccentricity 

In most of marine structures and bridge piers supported 
on piles, lateral loads are applied above the bed surface 
and this can induce large bending moments. A load ec- 
centricity (e) equivalent to twice the pile diameter was 
considered to determine the effect of eccentricity on the 
lateral behavior of piles in case of neglecting scour and 
considering scour. A global scour depth equivalent to 
twice pile diameter (ds/d = 2) was considered. Figure 9 
indicates that significant reduction in lateral pile capacity 
is observed when load eccentricity is applied. For exam- 
ple, at y/d ratio of 0.2, lateral pile capacity decreases from 
1300 kN to 400 kN due to load eccentricity on pile with- 
out scour. At the same y/d ratio of 0.2, lateral pile capac- 
ity decreases from about 900 kN to 300 kN due to load 
eccentricity on pile with scour. It is noted that global 
scour reduced lateral pile capacity by about 25% to 30%. 
When load is applied above ground surface, a small in- 
crease in lateral load causes considerable increase in pile 
deflection. 

3.4. Effect of Submerged Condition 

Generally, marine soils are under submerged condition. 
Finite element modeling was used to evaluate different 
water levels above ground surface. It was found that ex- 
istence of water level at or above pile head provides simi- 
lar results to the cases were groundwater is below the 
scour hole depth.  
 

 

Figure 10 shows the variation of bending moment with 
depth when load eccentricity and scour are considered. It 
is noted that eccentricity significantly increases the bend- 
ing moment. For the same lateral load of 100 kN, which 
represents the linear zone, and load eccentricity (e/d = 2), 
scour increases the maximum bending moment by about 
44%. The maximum bending moment for case of ne- 
glecting scour and considering scour occurred at about 
3.6d and 5.4d, respectively. 

4. Scour in Cohesive Soils 

4.1. Comparison with Laboratory Experiments 

To the author’s knowledge, no field tests were conducted 
to investigate the effects of scour on laterally loaded piles 
installed in clay. Kishore et al. [7] conducted laboratory 

Figure 7. Load versus normalized pile head displacement 
for steel and concrete piles neglecting and considering scour. 
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Figure 9. Load versus normalized pile head displacement 
(y/d) considering the effect of load eccentricity (e). 
 

 

Figure 10. Variation of bending moment with depth con- 
sidering load eccentricity e/d (F = 100 kN). 
 
experiments on small size PVC and aluminum piles em- 
bedded in soft marine clay subjected to scour. Models of 
single piles of 50 mm diameter and 1000 mm length 
were used in the testing. 

To validate LPILE results, a comparison with results 
from experimental work of Kishore et al. [7] was con- 
ducted. Flexural rigidity EpIp = 6.5 × 109 and soil modulus 
Es = 870 kPa were considered. For calibration, cohesive 
strength (Cu) of 7 kPa and 50 of 0.02 was used. 

Figure 11 shows a comparison between LPILE results 
and lab test results of Kishore et al. [7] for aluminum 
piles subjected to lateral load (F) of 120 kN and eccen- 
tricity ratio (e/d) of 3. Two cases were considered; case 
of pile without scour “no scour” and case of pile with 
scour depth equivalent to pile diameter (ds/d = 1). It can 
be seen that LPILE and experimental results are in good 
agreement. LPILE slightly overestimated the bending mo- 
ment along depth. 

 

Figure 11. Comparison between LPILE results and lab test 
results of Kirshore et al. [7] at F = 120 N and e/d = 3. 

4.2. Numerical Analysis 

As the experimental work of Kishore et al. [7] was con- 
ducted in small size aluminum and PVC piles, it is essen- 
tial to extend the investigation to cover lateral load be- 
havior of piles installed in marine environment with pile 
characteristics and material type normally used in prac- 
tice. In this paper, the effect of scour on steel piles in- 
stalled in soft clay and stiff clay is investigated using the 
software program LPILE and FEM using PLAXIS. The 
used pile and soil characteristics are presented in Table 2. 
The results are presented in the following subsections. 

4.2.1. Effect of Soil Strength 
The effect of soft clay and stiff clay was investigated. 
Maximum scour depth equivalent to pile diameter was 
considered (ds/d = 1). Also, the case of neglecting scour 
was also considered for comparison. 

Figure 12 shows the relationship between lateral load 
and normalized pile head displacement (y/d). The varia- 
tion of bending moment along pile length is shown in 
Figure 13. For steel piles installed in soft clay, scour 
increases lateral pile head displacement by about 20%. 
For steel piles installed in stiff clay, scour increases lateral 
pile displacement by about 36% compared to that for pile 
without scour. 

It is concluded from Figures 12 and 13 that the effect 
of scour is more pronounced for piles installed in stiff 
clay compared to piles installed in soft clay. 

4.2.2. Effect of Lateral Load 
Different values of lateral load were applied to investi- 
gate the effect of lateral loading magnitude on steel piles 
installed in soft clay and stiff clay. Figure 12 indicates 
that the relationship between lateral load (F) and normalized 
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Table 2. Steel pile and clay characteristics used in the analysis. 

Clay Type d (m) L (m) A (m2) Ip (m
4) EP/Es Cu (kPa) s kN/m3 s 50 Vs m/s 

Soft Clay 0.5 30 0.01944 5.77E–4 30000 10 16 0.3 0.02 50 

Stiff Clay 0.5 30 0.01944 5.77E–4 2000 50 17 0.3 0.005 200 

 

 

Figure 12. Lateral load versus normalized pile head displacement for piles in soft clay and stiff clay with and without scour. 
 

  
(a)                                                                  (b) 

Figure 13. Bending moment profile along pile length at different loading levels: (a) Soft clay; (b) Stiff clay. 
 
pile head displacement (y/d) is highly nonlinear for piles 
installed in soft clay. For stiff clay, the relationship be- 
tween F and y/d is linear if y/d ratio varies between 0 and 
0.1 and then nonlinear response starts to appear espe- 
cially if scour is considered. 

It is noted from Figure 13(a) that scour around piles 
installed in soft clay slightly increases the bending mo- 
ment. This effect is negligible in the linear zone (F = 100 
kN). An increase of only 9% occurs in the nonlinear zone 

(F = 300 kN). 
By applying lateral load (F) of 100 kN and 300 kN, 

variation in bending moment along pile length is pro- 
vided in Figure 13. Lateral loads (F) of 100 kN and 300 
kN represent linear zone and nonlinear zone, respectively. 
For soft clay, the bending moment dramatically increases 
at the nonlinear zone as shown in Figure 13(a). The bend- 
ing moment at pile head reaches about 1170 kN. Assum- 
ing the pile is Grade 4 steel with a yield stress of 450 
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MPa, the equivalent moment causing the pile to yield is 
about 1039 MPa, which is slightly lower than bending 
moment at pile head indicating that the pile experienced 
yield due to that loading magnitude. By applying a lateral 
load (F) of 100 kN at ground surface, the maximum 
bending moment occurs at a depth equal to 13d below 
ground surface. By increasing the lateral load to 300 kN, 
the maximum bending moment occurs at a depth equal to 
19d below ground surface. The maximum bending moment 
along pile length occurs at a much deeper depth for piles 
installed in soft clay. 

Figure 13(b) shows that scour around piles installed in 
stiff clay increases the maximum value of bending moment 
by about 17% due to applying a lateral load of 100 kN 
(linear zone). At nonlinear zone (F = 300 kN), the differ- 
ence in bending moment is about 42%. Therefore, the 
scour effect is more significant when higher loading 
magnitude is applied, especially for stiff clay soils. It is 
also noted that the first point of zero moment occurs at a 
depth equal to about 3.6d and that maximum bending 
moment occurs at a depth equal to 6.6d below ground 
surface and then the bending moment drops to zero at a 
depth of about 15d. 

4.2.3. Effect of Flooding 
Generally, marine soils are under submerged conditions. 
To investigate the effect of water above ground surface, 
the software program PLAXIS was used to evaluate if 
existence of water above ground surface will have impact 
on the pile behavior. Figure 14 shows bending moment 
profile when flooding is considered and neglected. It was 
found that existence of water level at or above ground 
surface provides similar results to the cases were ground- 
water is below the scour hole depth. Similar conclusions 
were reached through experimental work conducted by 
Kishore et al. [6]. 

4.2.4. Effect of Load Eccentricity 
For a steel pile installed in soft clay, a load eccentricity 
(e) equivalent to twice pile diameter was considered (e/d 
= 2). Figure 15 indicates that significant reduction in 
lateral capacity is observed when load eccentricity is applied. 
For example, at y/d ratio of 0.2, lateral pile capacity is 
reduced from about 70 kN to 25 kN if scour is neglected 
(i.e., reduction by about 64%). If scour is considered, at 
the same y/d ratio of 0.2, the lateral pile capacity is reduced 
from about 62 kN to 20 kN (i.e., reduction by about 
68%). 

By applying the same lateral load of 50 kN, it is noted 
that load eccentricity significantly increases the bending 
moment as shown in Figure 16. The effect of eccentricity 
is much more significant than the effect of scour. Apply- 
ing lateral load at ground surface leads to negative and 
positive bending moment while load eccentricity causes 

 

Figure 14. Bending moment computed from FEM consid- 
ering the flooding condition (F = 100 kN). 
 

 

Figure 15. Lateral load versus normalized pile head dis- 
placement considering load eccentricity and scour. 
 

 

Figure 16. Effect of load eccentricity and scour on the bend- 
ing moment along pile length (F = 50 kN). 
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an increase in the maximum positive bending moment. 
While considering scour, maximum bending moment 
increases from about 144 kN·m to 164 kN·m (i.e., increase 
by about 14%). 

5. Conclusions 

Based on numerical modeling of scour around single piles 
installed in sandy and clayey soils, it was found that 
scour has a significant impact on piles installed in sand 
and a less significant impact on piles installed in clay. 
The following conclusions are drawn: 

For sandy soils: 
1) Ultimate lateral capacity for piles subjected to global 

scour can be about 45% of the ultimate lateral capacity of 
piles without scour. 

2) Ultimate lateral capacity for piles subjected to global 
scour is found to be about 50% to 70% of ultimate lateral 
capacity of piles subjected to local scour depending on 
the scour hole dimension. 

3) If scour depth ranges between one to 3 pile diameters 
(ds/d = 1 to 3), the pile head displacement increases by 
about 37% to 155% compared to that for piles without 
scour. 

4) The bending moment in piles with scour increases 
by about 48% to 60% in comparison with the same load- 
ing conditions in piles without scouring. The increase in 
bending moment due to scour can require piles with lar- 
ger pile rigidity or higher grades to ensure that bending 
stresses do not exceed the pile yield stress.  

5) The effect of scour is more significant if piles are 
subjected to large lateral load magnitudes due to the 
nonlinear response of pile-soil system. 

6) Scour increases lateral pile head displacement by 
about 85% to 97% for steel piles and 97% to 106% for 
concrete piles compared to similar piles without scour. 
Also, lateral capacity of steel piles is larger than that of 
concrete piles for the same pile diameter. 

7) Significant reduction in lateral capacity is observed 
when load eccentricity is applied. 

For clay soils: 
8) Effect of scour is more pronounced for piles in- 

stalled in stiff clay compared to piles installed in soft 
clay. 

9) Scour effect is more significant when higher load- 
ing magnitudes are applied, especially for stiff clay soils. 

10) Bending moment at piles installed in stiff clay 
subjected to scour increases by about 7% to 42% in com- 
parison with the same loading conditions in piles without 
scour.  

11) Existence of water level at or above pile head pro- 
vides similar results to the cases were groundwater is 

below the scour hole depth. 
12) For load eccentricity equal to twice the pile di- 

ameter (e/d =2), lateral pile capacity can be reduced to 
about 64% to 68%. 

13) The effect of load eccentricity on pile response is 
much more pronounced than the effect of scour. 
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Nomenclature 

A = pile cross section area 
Cu = soil Cohesion strength 
ds = depth of scour 
d = pile diameter 
Ep = pile modulus of elasticity 
Es = soil modulus of elasticity 
F = shear force (lateral load) 
Ip = pile moment of inertia 

L = pile length 
Lsb = distance between base scour hole extent and pile  
Lst = distance between top scour hole extent and pile 
y= pile head displacement 
s = soil unit weight 
s = Poisson’s ratio of soil 
 = soil internal friction 
Vs = soil shear wave velocity 
50 = strain at 50% of maximum stress 
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